Cartilage is a hydrated biomacromolecular fiber composite located at the ends of long bones that enables proper joint lubrication, articulation, loading, and energy dissipation. Degradation of extracellular matrix molecular components and changes in their nanoscale structure greatly influence the macroscale behavior of the tissue and result in dysfunction with age, injury, and diseases such as osteoarthritis. Here, the application of the field of nanomechanics to cartilage is reviewed. Nanomechanics involves the measurement and prediction of nanoscale forces and displacements, intra-and intermolecular interactions, spatially varying mechanical properties, and other mechanical phenomena existing at small length scales. Experimental nanomechanics and theoretical nanomechanics have been applied to cartilage at varying levels of material complexity, e.g., nanoscale properties of intact tissue, the matrix associated with single cells, biomimetic molecular assemblies, and individual extracellular matrix biomolecules (such as aggrecan, collagen, and hyaluronan). These studies have contributed to establishing a fundamental mechanism-based understanding of native and engineered cartilage tissue function, quality, and pathology. 
INTRODUCTION
The field of nanomechanics involves the measurement and prediction of nanoscale forces and displacements, intra-and intermolecular interactions, spatially varying mechanical properties, local constitutive laws, molecular-level structure-property relationships, and mechanical phenomena that exist at small length scales within and between materials (1-6). In recent years, experimental and theoretical nanomechanics methods have begun to be applied to the field of musculoskeletal tissues at varying levels of material complexity, e.g., nanoscale properties of intact tissue, the matrix associated with single cells, biomimetic molecular assemblies, and individual biomolecules. These data, in conjunction with biochemical and structural analysis methods, have contributed to a fundamental, mechanism-based understanding of musculoskeletal tissue function, quality, and pathology.
Quantification of nanomechanical properties associated with tissue development and pathology has the potential to differentiate tissue types, enable early-stage diagnosis of diseases, document disease progression, and assess and optimize treatment interventions, all at unparalled resolutions (7) (8) (9) (10) . Furthermore, the application of nanomechanics to the fields of regenerative medicine and tissue engineering will contribute to advancements toward tissue repair and/or replacement for people afflicted with debilitating ailments, such as osteoarthritis (11) (12) (13) . Medical applications of nanotechnology are in their earliest stages and have yet to advance to significant clinical use in vivo (8) (9) (10) 14) . There is thus a gap between the nanometer length scale of biological processes that are fundamental to musculoskeletal health and disease and the much larger length scale associated with conventional diagnostic and therapeutic approaches. This length scale mismatch is one important reason why traditional tissue engineering approaches in the musculoskeletal field, after 15 years, do not yet have wide-ranging clinical or commercial impact (15, 16 ).
Cartilage Tissue Function and Properties
This review focuses on one particular musculoskeletal tissue-cartilage-as a model system. Cartilage is a biomacromolecular fiber composite material located at the ends of long bones that enables proper joint lubrication, articulation, and loading (Figure 1a) . During joint motion, cartilage sustains a complex combination of compressive, shear, and tensile stresses up to ∼20 MPa (18, 19) and can withstand compressive strains of 10-40% (20) . Cartilage also exhibits excellent lubrication properties and wear resistance, with friction coefficients reported between ∼0.0005 and 0.04 in the presence of synovial fluid (21) Cross-sectional schematic of cartilage tissue showing a depth-dependent zone and gradient in cell size, shape, and collagen network morphology. The cells are flattened near the surface (superficial zone) and become larger and rounder with increasing depth in the middle and deep zones. The tidemark is the boundary between the nonmineralized and the mineralized (calcified) cartilage. In addition, the cartilage extracellular matrix is organized into pericellular, territorial, and interterritorial matrices, each of which is present at increasing distance from the chondrocyte cell surface. Panel b adapted with permission from Reference 34. (c) Matrix molecular composition and organization in the different extracellular regions. At the cell surface, many receptors interact with specific matrix molecules as well as with soluble proteins (e.g., growth factors). Matrix molecules in this pericellular zone are also connected to molecules in the territorial region. Panel c adapted with permission from Reference 35. (d ) Nanostructures of different cartilage molecular constituents via tapping-mode AFM imaging. Type II collagen fibrils from proteoglycan-digested calf knee cartilage surface (amplitude image), single aggrecan and hyaluronan molecules, and aggrecan aggregates composed of fetal bovine aggrecan noncovalently bound to hyaluronan, which is further stabilized by the small globular link protein (height images). Panel d reproduced with permission from Reference 36 and courtesy of Dr. H.-Y. Lee. to interstitial pressurization (168, 169) and to boundary lubrication by charged molecules (153, 170) . The biomechanical function of cartilage is attributable to the tissue's macromolecular extracellular matrix (ECM) (18) . Degradation of the ECM molecular components and changes in their nanoscale structures greatly influence the macroscale behavior of the tissue and can result in loss of function with age and disease (Figure 1a ) (22) . To understand the function of cartilage at the tissue level, cartilage mechanical properties have been studied in detail via many different macroscopic loading configurations, e.g., confined (23) and unconfined (24) compression, pure and simple shear (25, 26) , osmotic swelling (27) , and indentation (28, 29) . These experiments have demonstrated the critically important equilibrium elastic deformation range of the tissue, as well as the range of nonlinear equilibrium behavior. Cartilage also exhibits unique time-dependent properties associated with flow-independent intrinsic macromolecular viscoelasticity (30) and fluid flow-dependent poroelasticity (31) . Both electrostatic and nonelectrostatic interactions contribute to these material properties. (18) Osmotic (electrostatic) swelling pressure (42) and hydraulic permeability (18) , which together confer static and dynamic compressive (44, 45) and shear (26, 46) 
In cartilage superficial zone and in synovial fluid (57) Lubrication (61) osteoarthritis, aggrecan is one of the first components to be degraded and released from cartilage due to increases in the concentration and activity of enzymes termed aggrecanases (47, 48) . Aggrecanases are synthesized by chondrocytes in cartilage and by cells in other nearby joint tissues. They can cleave the covalent links along the core protein amino acid sequence and break aggrecan into smaller fragments, which then diffuse out of cartilage. The resulting degradation and loss of aggrecan cause instantaneous changes in cartilage biomechanical function, as marked by a decrease in load-bearing capacity. These changes lead to further damage upon continuous joint loading (49) . The mechanical function of aggrecan and the effects of aggrecanase cleavage and subsequent loss of aggrecan on cartilage mechanical properties can be studied ex vivo using organ culture explants of native cartilage that can be harvested from animal or human joints and maintained in culture medium for weeks (22, 24, 44, 45) .
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HA is a long, linear, negatively charged GAG chain (Figure 1d ) (50) . In vivo, HA can bind up to ∼100 aggrecan monomers to form the aggrecan aggregate. In addition, HA binds to the surface of many cells by the CD44 cell receptor; this HA binding can inhibit cell-cell adhesion and facilitate cell migration (51) . HA is also present in abundance in the viscous, lubricating synovial fluid between the cartilage tissue at the two ends of a joint (52) , and hence it may play a role in cartilage biolubrication. Past studies have suggested possible roles of HA, including its involvement in synovial fluid viscosity (53) and hydrodynamic and boundary lubrication (54) and as a transporter for lubricating phospholipids (55) . However, to what extent HA contributes to cartilage biolubrication remains unclear (56) .
Lubricin, also known as superficial zone protein or PRG4, is a linear glycoprotein present in the synovial fluid at ∼250 μg ml −1 (57) . Lubricin has a core protein with L c ∼ 200 nm (58, 59) , and its central mucin-like domain is heavily packed with negatively charged O-linked oligosaccharides (60) . Its two hydrophobic globular domain ends (which are positively charged) play a role in cell-cell and cell-ECM interactions (57) . Lubricin is thought to play a major role in cartilage biolubrication and wear protection (61) . At the tissue level, removal of lubricin from the cartilage surface significantly increases the cartilage friction coefficient (62) .
Other ECM molecular components of cartilage play important functions in tissue assembly and integrity. These molecules function as cross-linkers for the formation of the interconnected collagen network, such as the families of matrilins (63, 64) , small leucine-rich proteins (SLRPs) [including decorin, asporin, fibromodulin, lumican, keratocan, and osteoadherin (65-67)], and thrombospondins (68) , as illustrated schematically in Figure 1c (35) . Other SLRPs [including chondroadherin, osteoadherin, and proline/arginine-rich end leucine-rich repeat protein (PRELP)] can bind to chondrocyte cell surface receptors and are thought to facilitate cell signal transduction, bridging between the cell and the ECM, and cell migration (69).
Open Questions in Cartilage Research
Despite decades of research in this area, there are still outstanding questions that necessitate a more fundamental molecular perspective of tissue-level biomechanical function. For example:
Although collagen and aggrecan dominate tissue mechanical behavior, which of the dozens of other ECM proteins, proteoglycans, and glycoproteins are critical for the proper assembly of the collagen fibrillar network, the assembly of aggrecan aggregates, and the molecular linkages between collagen fibrils and aggrecan? What is the role of GAG contour length and inter-GAG spacing in optimizing GAG-GAG electrostatic and nonelectrostatic interactions that underlie macroscopic compressive stiffness? What are the biophysical and molecular mechanisms that contribute to flow-independent viscoelastic behavior? Is there more than one regime (mechanism) of viscoelastic behavior? Does poroelastic behavior manifest itself only at the macroscale, or do flow-dependent kinetics occur at the nanoscale dimensions of the collagen fibril, the aggrecan macromolecule, or the pore spaces between neighboring GAG chains?
It is the hope that advances in nanomechanics of the ECM will ultimately provide answers to such questions. In this review, we cover recent advances in nanomechanical studies of cartilage and its ECM constituents. Section 2 reviews nanomechanical methods utilized for these studies, including instrumented (depth-sensing) indentation, atomic force microscopy (AFM)-based spectroscopy, surface force apparatus (SFA), and optical tweezers. Section 3 describes recent advances in nanomechanical studies of native cartilage tissue. Section 4 reviews studies of molecular assemblies of major cartilage ECM components, including CS-GAGs, aggrecan, hyaluronan, and lubricin. Section 5 focuses on studies of single-molecule (mechanical) properties of cartilage ECM molecular constituents. The knowledge obtained from these studies provides high-resolution information on the molecular origins of cartilage tissue function and contributes insights into strategies for cartilage tissue engineering and repair.
NANOMECHANICS METHODS USED TO STUDY CARTILAGE
Traditionally, cartilage has been treated as a macroscopic continuum (either homogeneous or having depth-dependent material properties). Recent molecular-level theoretical models (71) (72) (73) (74) have shown the potential to link ECM molecular interactions to tissue-level mechanical properties. Hence, to fully understand cartilage mechanical function and dysfunction, it is essential to probe the tissue at length scales on the same order as that of its zonal and territorial regions (microscale) and its ECM macromolecules (nanoscale). Deformations that take place at the length scale of aggrecan molecules and their constituent GAGs can affect local fixed charge density (71), hydraulic permeability (75), streaming potential (76) , and other biophysical mediators of chondrocyte cell signaling and mechanotransduction (77) . Nanomechanical methods have the advantage of probing spatial variations in cartilage mechanical properties at high resolutions. Such variations are directly related to tissue function in different zonal or territorial regions at the microscale or to the properties of different molecular constituents at the nanoscale. These methods also enable the investigation of properties of the individual cartilage ECM constituents (e.g., collagen, aggrecan, HA, lubricin) in the form of molecular assemblies or isolated single molecules, both of which are critical for understanding cartilage properties from a molecular perspective. There have been extensive reviews on the fundamentals and technical details of nanomechanical instrumentation, experimental procedures, and data analysis. Here, we summarize topics specifically relevant to cartilage that include use of the following nanomechanical methods: AFM-based indentation (78), high-resolution force spectroscopy (HRFS) (79) , single-molecule force spectroscopy (SMFS) (6) and lateral force microscopy (LFM) (80) , instrumented (depth-sensing) indentation (81) , optical tweezers (6), and SFA (82, 83) . These methods are summarized in Table 2 .
Nanoindentation
Instrumented (depth-sensing) nanoindentation and AFM-based nanoindentation have been employed to measure penetration force versus indentation depth on cartilage specimens. A number of indenter geometries have been employed, including spherical, conical, pyramidal, and Berkovich. One important parameter extracted from nanoindentation data is the indentation modulus of the sample, E ind , which represents the local resistance to penetration during elastic multiaxial loading. One approach to determining E ind is the Oliver-Pharr method (84) , which is based on a continuum, isotropic, homogeneous elastic contact model to determine the reduced modulus, E r , from the unloading portion of the force-depth data:
where S is the slope of the initial portion of the unloading force (F)-depth (D) curve and A is the projected contact area of the indenter. E ind of the tested specimen is then calculated using (84) assumes that the unloading portion is elastic and timeindependent. It can account for nonlinearities through use of a contact area that captures the behavior of materials that undergo elastic and permanent deformation upon indentation (84) .
One difference between cartilage indentation and the Oliver-Pharr method is that cartilage undergoes permanent damage only at very high strains [of ∼30-40% (85)]. These strains are typically much greater than those applied via nano-or microindentation (86) , and hence permanent deformation of cartilage is expected to be negligible in such cases. Instead, cartilage exhibits timeand rate-dependent mechanical behavior and undergoes poroviscoelastic relaxation and creep (30) , which dramatically affect both the loading data and the unloading data. Hence, estimations of E ind using the Oliver-Pharr method (84) may incorporate the effects of elastic resistance to multiaxial compression combined with the rate-dependent effects associated with poroviscoelastic relaxation/creep at a given indentation rate. In addition, at the length scale of indentation, anisotropic properties may be present due to cartilage nano-and microstructural features, such as collagen fibril alignment (87) , the presence of chondrocytes, and local differences in aggrecan density. Given the limitations of the Oliver-Pharr method regarding interpretation of cartilage loading, the calculated E ind is a measure of effective multiaxial indentation stiffness and can be utilized to assess trends in the mechanical response of cartilage to different experimental conditions at a given indentation rate. For example, there are sample-to-sample comparisons and location-specific differences, as discussed in detail in Sections 3.1 and 3.2.
A second method for the calculation of E ind is based on Hertzian contact theory (88) , which assumes material isotropy, homogeneity, and linear elasticity. Lin & Horkay (2) have comprehensively reviewed indentation on compliant biological tissues and gels. This review discusses and summarizes the analytical formulations on the basis of the elastic Hertzian contact theory, as well as the JKR ( Johnson-Kendall-Roberts) (89) and DMT (Derjaguin-Muller-Toporov) (90) modifications of the original Hertzian model that incorporate adhesion-induced deformation and corresponding changes in the contact area. Useful algorithms for determination of the tip-sample contact point for irregular data sets, such as the golden section search, are also presented in Reference 2. Examples of irregular data sets include those with excessive noise, significant adhesion and repulsion, imperfect tip-sample contact, or large strains. In Hertzian models, plasticity and time-dependent poroviscoplasticity are assumed to be negligible, and E ind is approximated from the loading portion of the force-depth curves. Two common indenter geometries utilized for the indentation of cartilage are spherical (colloidal) and pyramidal (standard silicon nitride) probe tips (91) . For spherical probe tips,
where F is the indentation force, D the indentation depth, R the tip radius, and ν the Poisson's ratio [e.g., ν = 0.1 for young bovine cartilage (92)]. For pyramidal (R D) probe tips (93),
where α is the half open angle of the pyramidal face.
Other techniques such as indentation force relaxation (86, 94) and nanoscale dynamic oscillatory loading (12) have been applied to quantify the time-dependent mechanical behavior of cartilage. For force relaxation, a typical ramp indentation is applied, followed by a hold period during which the change in indentation force F is recorded while the indentation depth D is maintained relatively constant (12) . The instantaneous indentation modulus E ind (t) can then be calculated using the Hertzian analytical models (Equations 3 and 4). The equilibrium indentation modulus (after completion of relaxation), E ind ,0 , and the relaxation time constant, τ , can be calculated via a nonlinear least-squares regression based on a spring-dashpot time-dependent model:
5.
www.annualreviews.org • Nanomechanics of the Cartilage Extracellular Matrix
where each pair of τ i and E ind ,i represents the different modes of relaxation that, for cartilage, may be attributable to visco-and/or poroelasticity (30) . By superimposition of a nanometer-scale sinusoidal deformation during the hold period of a force relaxation experiment at the static indentation depth D (after a time sufficient to allow force relaxation), a dynamic oscillatory loading experiment can probe the nonequilibrium cartilage response by assessing the frequency-dependent complex dynamic modulus |E * | and the phase angle δ between the measured oscillatory force and the applied oscillatory indentation. In the limit of infinitesimal sinusoidal deformation (D D), |E * | can be estimated via a Taylor series expansion of the analytical models, e.g., Equations 3 and 4:
for spherical and pyramidal tips, respectively. The complex modulus E * can be represented in terms of its real component (the storage modulus, E = |E * |cosδ) and its imaginary component (the loss modulus, E = |E * |sinδ). As discussed in more detail in Sections 3.1-3.4, these methods have been widely applied to quantify mechanical properties of native and engineered cartilage (11, 12, 86, 94, 95, (106) (107) (108) (109) 162) . At the macroscale, energy dissipation in cartilage subjected to compressive loads (as characterized by the loss modulus) has been ascribed to poroelastic behavior with additional contributions from solid matrix viscoelasticity; these loss mechanisms are just beginning to be studied at the nanoscale.
Atomic Force Microscopy-Based Force Spectroscopy
AFM has also been used to quantify molecular-level interactions of cartilage ECM macromolecules in a variety of modes. As shown in Table 2 , these include normal HRFS (loading direction perpendicular to the sample plane) (79), LFM (loading direction parallel to the sample plane) (80) , and SMFS (tensile stretching of individual molecules) (6) . AFM-based force spectroscopy employs cantilever force sensors with spring constants k ∼ 0.01-0.1 N m −1 , which enables the detection of piconewton-level forces (79) and aims to probe the molecular-level interactions rather than internal solid/fluid mechanical properties of the bulk of the specimen (as carried out in nanoindentation). The absolute value of the tip-sample separation distance can be obtained using microcontact printing sample preparation methods (121) in conjunction with contact mode AFM imaging to measure the compressed layer height and to provide accurate information on the zero-distance position (110) . AFM-based force spectroscopy has been applied to measure the molecular-level repulsive interactions of end-attached monolayers of cartilage ECM macromolecules such as CS-GAG (79, 111) and aggrecan (110, 112) . The molecular origins of cartilage HRFS data have been quantitatively investigated through comparison with a number of Poisson-Boltzmann-based electrostatic double-layer models, including the surface charge model, the volume charge model, and the charged-rod model (113) :
The surface charge model represents the fixed charges on aggrecan/GAGs as a constant charge density on a surface:
The volume charge model represents the region of aggrecan/GAG brushes with uniform fixed charge density ρ volume :
The charged-rod model represents each GAG chain as a finite charged rod with a uniform volume charge density ρ rod :
In Equations 8-10, is the electrical potential, F is the Faraday constant (96,500 C mol −1 ), R is the universal gas constant [8.314 J (mol·K)
−1 ], T is the absolute temperature (298 K), ε W is the bulk solution permittivity [6.92 × 10 −10 C (N·m 2 ) −1 ], and C 0 is the bath salt concentration [mol·liter −1 ]. Among these three models, the charged-rod model is able to account for the nanoscale heterogeneity in the electrostatic potential and hence results in a better agreement with experimental data on the nanomechanical behavior of GAGs and aggrecan, as discussed in detail in Section 4.1.
When samples are prepared such that the molecules of interest are sparsely distributed on a planar substrate and/or the tip radius is reduced to the length scale of individual molecules, HRFS is used as an SMFS tool to study the tensile extensibility and stiffness of single molecules. For example, the force (F) versus tip-sample separation distance (equivalent to the macromolecular extension, L) profiles of CS-GAG, KS-GAG, HA (114) , and aggrecan (115) molecules have been measured by stretching single molecules in aqueous solution, which can then be fitted to the extensible worm-like chain model (116) to quantify molecular properties such as contour length L c and persistence length L p :
where T is the absolute temperature, k the Boltzmann constant, and φ the intrinsic elastic enthalpic stiffness of the polymer chain. Using AFM-based LFM, researchers can also quantify lateral forces L by scanning the tip horizontally across the sample surface at applied normal forces F. The absolute units of the lateral force, and hence the friction coefficient μ (= dL/dF), can be determined via appropriate calibrations such as the wedge method (117) . LFM has since been applied to study microscale cartilage friction in the absence (118, 164) and presence (119) of enzymatic treatments and the lubrication effect of cartilage surface molecules (120, 163) . In conjunction with microcontact printing (121), LFM has also been utilized to quantify the shear properties of aggrecan (122, 123) (in this case, μ is more accurately referred to as the lateral linearity coefficient) by monitoring the compressive strain and lateral forces simultaneously.
Surface Force Apparatus
The SFA measures the vertical and lateral forces between two crossed, transparent mica cylinders (R ∼ 1 cm) in aqueous solutions while monitoring the separation distance between them at ∼1-Å resolution using a multiple-beam interference fringe technique (82, 83) . Established as a robust technique to probe interactions between two layers at small separation distances, SFA has been applied to directly probe the lubrication properties of HA (53, 124, 125) and lubricin (126, 127) via different adsorption methods and molecular configurations. These studies have shown the potential to yield insights into the underlying lubrication mechanisms of cartilage.
Optical Tweezers
Optical tweezers operate by focusing a laser to a diffraction-limited spot with a high-numericalaperture microscope objective to trap a dielectric particle (6) . An interferometer monitors the displacement of the bead with nanometer-level accuracy. The optical field can then polarize the dielectric particle and result in force directed along the gradient of the optically induced dipoles at ∼0.1-pN resolution (128) . As a versatile tool for single-cell and single-molecule manipulation, optical tweezers are another tool for SMFS, which measures the force and extension of single cartilage ECM macromolecules, including HA (129, 166, 167) , type II collagen (130) , and proteoglycan aggregates (131, 165) . As in AFM-based SMFS, the extensible worm-like chain model of Equation 11 (116) can be fit to the data and used to estimate L c and L p .
NANOMECHANICAL PROPERTIES OF WHOLE TISSUE
Over the past decade, a number of studies applying nanomechanical techniques have successfully probed cartilage properties associated with microstructural features (91, (99) (100) (101) (102) (103) 105) , age and disease (96) , and tissue repair (106) . Additionally, nanoscale methodologies are useful when the volume of material available is too small or irregularly shaped for larger-scale analyses. Examples include differentiation of zonal and regional heterogeneity, detection of early matrix degradation upon aging and osteoarthritis, and evaluation of tissue-engineered matrix properties. These applications are elaborated below.
Regional and Zonal Nanomechanical Heterogeneity of Native and Tissue-Engineered Cartilage
One advantage of nanoindentation is its ability to detect spatial heterogeneities in cartilage mechanical properties, which are thought to exist at a hierarchy of length scales. Ebenstein et al. (106) utilized an instrumented nanoindenter with a spherical probe tip (R ∼ 100 μm) to test early-stage rabbit cartilage repair tissue up to ∼60 μN force and 1.3 μm indentation depth (Figure 2a) . Indentation stiffness S (in micronewtons per nanometer, as defined by Equation 1) was measured for both native (control) and repair cartilage tissue; native cartilage showed a significantly higher stiffness value (Figure 2b) . Differences in stiffness from the proximal and distal sites (Figure 2b) were associated with the relative amount of proteoglycan content and the clear formation of chondrocyte cell organizations measured via histology (106) . The proximal sites showed indications of ongoing healing of the cartilage with hyaline-like morphology that is similar to that of native articular cartilage; the distal sites were similar to fibrous tissue, with inferior mechanical properties. Using the same technique, Li et al. (107) found zonal differences in stiffness of native rabbit cartilage in distal and proximal sites (Figure 2c) . This difference depended on the structural features of the superficial zone (e.g., thickness, collagen network orientation), with a significant positive correlation between superficial zone thickness and stiffness (107) . This technique was also used to evaluate miniature pig hyaline and repair cartilage with a Berkovich tip in phosphatebuffered saline solution (109) . The repair cartilage showed lower indentation stiffness compared with native cartilage, consistent with lower proteoglycan content measured via histology. Therefore, the technique of instrumented nanoindentation was suggested to be capable of assessing the temporal evolution of mechanical properties of repair tissue.
Gupta et al. (108) used nanoindentation and the Oliver-Pharr method (84) , in conjunction with back-scattering electron imaging, to investigate the correlation between the mineral content and reduced modulus E r in the zone of calcified cartilage (ZCC). The ZCC is the interface where fracture occurs between bone and cartilage and abnormal thickening and progression occur upon weight increase or osteoarthritis (132) . By indentation of cartilage specimens from human patellae with a Berkovich indenter, significantly lower indentation stiffness was found in the ZCC compared with under the bone for similar mineral content. This difference was suggested to be due to the differences between the organic matrices in these two tissues. A decreasing trend in mineral content and indentation stiffness was also detected from the ZCC out to the unmineralized cartilage at the interface (tidemark) between them. These features at the bone-cartilage junction were hence suggested to preserve mechanical integrity between the two tissues and to reduce the probability of crack formation and propagation (108).
Jurvelin et al. (98) utilized AFM-based indentation with a pyramidal probe tip and ∼100-nm indentation depth to distinguish between native and proteoglycan-depleted cartilage disks. Subsequently, Mao and colleagues (99) (100) (101) (102) (103) employed this method to quantify age-related regional, zonal (depth-dependent), and territorial heterogeneities (see Figure 1b for the last two cases) in cartilage mechanical properties using a rabbit model. In this case, E ind was estimated using the Hertz model (88) and differed significantly for different regions on the adult articular surface (99), but not for the neonatal surface (101) . On the basis of its spatial homogeneity, neonatal cartilage was suggested to be a dynamic matrix that is still undergoing development and maturation. In addition, E ind increased from the outermost superficial zone to the innermost calcified zone for both articular (102) and growth plate (99) cartilage. The observed regional and zonal variations in mechanical properties were attributed to the differences in structure, composition, and chemical properties of the matrix (100).
Heterogeneity was also observed within each of the cartilage cellular zones. In vivo, each chondrocyte is surrounded by a 2-3-μm-thick pericellular matrix (PCM), which is interconnected to the further removed territorial and interterritorial matrix zones (Figure 1b) of ECM (Figure 3a) (133) 
) to obtain indentation modulus maps in the PCM and territorial/interterritorial matrices of human, porcine (Figure 3b) , and murine articular cartilage (105) . The PCM zone was more compliant than the ECM, with a ratio of E ind,PCM /E ind,ECM ∼ 0.35 for all tested species. A similar trend was observed for rat cartilage, with significantly higher E ind in the territorial/interterritorial zone than in the pericellular zone. This difference was hypothesized to correlate with different biological functions of these two zones, which are of vital importance to cartilage health (103) . Although territorial and interterritorial zones of ECM are responsible mainly for external load support and energy dissipation (18) , the more compliant PCM results in significant strain amplification in the vicinity of chondrocytes and functions as a transducer of mechanical signals from the ECM to the chondrocytes (134) .
At even smaller length scales, heterogeneity that was associated with macromolecular composition of the ECM was detected. Using a pyramidal (nanosized) tip and the Oliver-Pharr method (84), Stolz and colleagues (91, 97) quantified E ind of porcine articular cartilage, in which a bimodal distribution of E ind was suggested to correspond to collagen for higher values of E ind and to aggrecan for lower values of E ind .
Maturation-and Pathology-Related Indentation Behavior
Murine models of degenerative joint disease have been widely utilized during the past decade because of the ability to modify specific tissue development and functional properties using gene knockout and related gene-altering technologies (135) . However, the mechanical properties of mouse cartilage are difficult to quantify via conventional macroscopic testing due to the small volume and irregular shape of the tissue. As a result, it has not been possible to draw conclusive statements of how these gene-altering techniques affect cartilage mechanical properties. Stolz et al. (96) employed AFM-based nanoindentation on mouse cartilage using both spherical and pyramidal probe tips to assess the difference in microscale mechanical properties (indentation stiffness S and modulus E ind ) from the Oliver-Pharr method (84) . Effects of both the maturation process and osteoarthritis-like degradation of type IX collagen in the gene knockout were investigated. For normal mouse joints, AFM-based indentation with a pyramidal tip detected a significant increase in stiffness from 1-to 19-month-old mouse joints (Figure 3c) . The increase in stiffness was attributed to the observed thickening of collagen fibrils due to the deposition of small proteoglycan molecules onto the collagen fibrils and/or fibril bundling as a consequence of the reduced interfibrillar GAG content. This mechanical property change was ascribed to the change in the nanostructure and nanomechanical properties of cartilage ECM constituent changes during maturation, e.g., a betterorganized collagen fibrillar network and an increased amount of proteoglycan (96) .
Osteoarthritis-like deterioration of cartilage at different disease stages was studied by AFMbased indentation using a mouse model deficient in type IX collagen (96) . At early stages of osteoarthritis (demonstrated by the 1-month-old type IX collagen-deficient mouse), histology did not show any obvious microstructural changes compared with normal joints. Nanoindentation using a nanosized tip was able to detect a significantly lower indentation stiffness for the osteoarthritis joints (Figure 3d) , associated with nanoscale fibril thickening via AFM imaging. The absence of type IX collagen was thought to alter the molecular architecture and to result in the aggregation of individual collagen fibrils to form thicker fibril bundles. AFM may therefore have the potential to monitor the early onset of osteoarthritis before techniques such as histology and molecular markers can detect changes. In a separate study, mouse joints at different stages of early maturation were investigated using AFM-based indentation with a spherical probe tip (136) . The investigators detected differences in cartilage E ind as well as changes in E ind caused by inflammation from injection of transforming growth factor-β1.
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Nanoindentation of the Tissue-Engineered Cell-Associated Matrix
AFM-based indentation has also been demonstrated as a powerful tool for the evaluation of cartilage engineered neotissue associated with individual cells. Ng et al. (11) utilized this technique to measure the temporal evolution of tissue-engineered matrix synthesized by single chondrocytes. Here, the mechanical properties of the newly synthesized matrix associated with individual cells were quantified while changes in the matrix composition of GAG and collagen were simultaneously monitored using biochemical methods via toluidine blue and aniline staining assays, respectively (11) . To immobilize and prevent dedifferentiation, individual chondrocytes and their associated matrix were confined in a microfabricated pyramidal silicon well during indentation (Figure 4a) . The indentation force-depth curves (using both spherical and pyramidal probe tips) were fit to finite element and analytical models to account for the indentation geometries; both models yielded similar E ind . Although the matrix appeared to accumulate quickly during the early culture period (its thickness remained constant during the tested period), E ind of the matrix significantly increased with culture duration (Figure 4a) . This increase was consistent with the measured increase in collagen and GAG and with high-resolution images of the matrix via tapping-mode AFM imaging. The presence of growth factors such as insulin-like growth factor-1 (IGF-1) and osteogenic protein-1 (OP-1) increased the indentation stiffness as well, although there was no significant increase in the amount of GAG and collagen due to addition of these growth factors. This difference in biomechanical versus biochemical results may be due to the effect of these growth factors on molecular organization such as interactions between small leucine-rich proteins that regulate collagen fibrillogenesis, as well as collagen cross-linking (137) (138) (139) .
Applying an ∼5-nm amplitude dynamic oscillation during nanoindentation to an ∼1-μm static indentation depth, Lee et al. (12) measured the frequency-dependent poroelasticity of newly synthesized matrix in the frequency range of 1-316 Hz. A monotonic increase in dynamic complex modulus |E * | and phase angle with frequency suggested the presence of poroviscoelastic rate processes in the cell-associated matrix. Furthermore, the observed increase in modulus and decrease in energy dissipation with longer culture duration were consistent with increased biomacromolecular deposition and altered matrix structure and organization. The presence of IGF-1 and OP-1 growth factors also resulted in an increase in |E * | and a decrease in δ, suggesting a more elastic response, likely due to compositional and structural changes, including the accumulation of energy-conserving aggrecan proteoglycans (Figure 4b ) (140-142).
Time-Dependent Indentation Behavior
Recently, the time-dependent properties of cartilage subjected to small-scale deformations were investigated using instrumented nanoindentation and finite element analysis. With a spherical tip indenter (R ∼ 100 μm), Gupta et al. (94) performed force relaxation measurements on porcine costal cartilage up to an ∼3-min hold in phosphate-buffered saline (PBS) [pH ∼ 7.4, ionic strength (IS) ∼ 0.15 M] that simulated physiological conditions. A fiber-reinforced, poroviscoelastic finite element model was used to determine the material properties. In the model, the proteoglycan content was treated as isotropic, linear, two-dimensional pore pressure elements with hydraulic permeability k, and the collagen network was treated as oriented fibers with Young's modulus E Y , Poisson's ratio ν m , and volume fraction f f . The four parameters quantitatively described the nonlinear time-dependent relaxation behavior of the tested cartilage at ∼2-3-μm indentation depth. As intrinsic viscoelasticity was thought to contribute little to the observed time dependency, lower k values [∼10 −16 m 4 (N·s) −1 ] compared with other types of cartilage were attributed to the higher proteoglycan content and collagen fiber content of costal cartilage. In a similar study, Miller & Morgan (86) performed force relaxation on bovine articular cartilage using an R ∼ 50 μm spherical tip indenter and compared their results with those from a macroscopic confined-compression test on the same sample. Continuum-level poroelastic finite element models (also referred to as biphasic models) that assumed homogeneous properties of elastic modulus E, hydraulic permeability k, and Poisson's ratio ν were used to predict both elastic and poroelastic time-dependent behavior. Using AFM-based dynamic oscillatory nanoindentation, Han et al. (162) deconvoluted the cartilage visco-and poroelasticity into time and frequency domains, whereby the poroelastic behavior suggested k values similar to those from a macroscale unconfined compression test (24) . These studies have demonstrated that nanoindentation has potential applications in probing the time-dependent mechanical characteristics of small, heterogeneous materials such as cartilage and in determining structural features at constituent length scales.
Microscale Frictional Properties
Using a polystyrene spherical probe tip (R ∼ 5 μm) on normal bovine cartilage surfaces, Park et al. (118) 
Figure 5
Microfriction of cartilage tissue using lateral force microscopy. (a) Friction coefficients of normal bovine humeral articular cartilage surface from a microscale atomic force microscopy (AFM) test (μ AFM ; mean ± SD for three locations on each sample) using a polystyrene spherical tip (R ∼ 2.5 μm) and macroscopic experiments (μ min and μ eq ) for each specimen pair in phosphate-buffered saline (PBS) normal force), yielding a value of ∼0.15, which was consistent with the equilibrium friction coefficient measured by macroscopic tests (Figure 5a) . The relatively high value of μ compared with the cartilage friction coefficient measured in vivo (∼0.0005-0.04) (21) was attributed to the absence of interstitial fluid pressurization and/or critical molecular components in synovial fluid and cartilage. Using the same method with a pyramidal probe tip, Chan et al. (119) assessed microscale friction upon the removal of certain molecular components in both load-bearing locations and non-loadbearing locations on the cartilage surface. Removal of HA or surface-active phospholipids resulted in no significant impact on μ, suggesting that HA and phospholipids do not provide boundary lubrication on the cartilage surface in the absence of other surface-interacting molecules. This observation did not exclude the lubrication and wear protection function of HA in synovial fluid, as was suggested by Tadmor et al. (53) . In contrast, trypsin treatment to remove all proteoglycan and protein content increased μ by more than 100% (Figure 5b) . The effect on friction of trypsin depletion was thought to be due to the degradation of lubricating surface zone proteins as well as of the proteins (albumin, fibronectin) and proteoglycan (aggrecan) to which these superficial zone proteins (lubricin) bind. Coles et al. (143) tested the surface lubrication ability of lubricin by measuring friction upon deletion of the lubricin gene. Knockout of lubricin had limited effect on μ, suggesting that lubricin may not provide significant boundary lubrication on the cartilage surface. In contrast, lubricin may be an effective lubricant when present in synovial fluid (143) . In separate studies, molecular mechanisms of surface lubrication by HA and lubricin were directly probed in their molecular assemblies in vitro and are discussed in detail in Sections 4.2 and 4.3. Therefore, microscale frictional studies on cartilage surfaces have yet to provide the final answers to the origins of excellent cartilage biolubrication in vivo.
NANOMECHANICS OF MATRIX MACROMOLECULAR ASSEMBLIES
To provide fundamental knowledge on cartilage properties from a molecular perspective, it is necessary to study the nanomechanical properties of individual ECM constituents. AFM-based HRFS and LFM have been used to quantify the compression (79, (110) (111) (112) 144) , shear (122, 123) , and self-adhesion (145) of aggrecan in molecular assemblies having similar aggrecan density as those in vivo and tested in aqueous solutions of near physiological concentrations (0.1 M, pH ∼ 5.6). SFA and LFM have been utilized to study the lubrication properties of HA (53, 120, 124, 125) and lubricin (120, 126, 127) .
Aggrecan and Its Glycosaminoglycan Side Chains
Aggrecan is one of the first molecular components to be degraded and released from cartilage in osteoarthritis and is associated with increased activity of aggrecanase enzymes within cartilage tissue (48) . Enzymatic proteolysis of aggrecan degrades cartilage biomechanical function, and the tissue is damaged further by continued joint loading. To understand the molecular properties of aggrecan, Seog et al. (79, 111, 144) measured interactions between CS-GAG covalently grafted on a planar gold substrate and a gold-coated probe tip having R ∼ 50 nm as a function of bath IS (0.0001-1.0 M) via HRFS. The strong dependence of the measured GAG-GAG interaction force on IS (Figure 6a ) and pH suggested an important contribution of electrostatic repulsion to GAG-GAG interactions (111) . To account for the nanoscale spatial heterogeneity in electrostatic potential, Dean et al. (113) developed a Poisson-Boltzmann-based molecular model that regards CS-GAG as individual cylindrical charged rods of uniform charge density and finite length. An effective compressive modulus associated with electrostatic interactions for the GAG density corresponding to an inter-GAG spacing s ∼ 6 nm was calculated to be up to E GAG ∼ 10 kPa at a compressive strain ε = 0.6 (Figure 6b) . Steric forces had a minimal contribution to the measured GAG-GAG interactions. E GAG was approximately two orders of magnitude lower than the cartilage tissue modulus of ∼1 MPa at similar tissue strain, due likely to the fact that the GAG density on the end-grafted layer was approximately four times lower than that in cartilage tissue (111) . Aggrecan (and hence GAG) is in a prestrained state in uncompressed cartilage, and a 60% tissue strain would correspond to a much higher molecular strain on the GAG chains (111) . However, qualitatively, the deformation of opposing CS-GAGs may mimic certain aspects of intra-tissue loading in which the substrate and tip act as constraints in two dimensions, similar to the in vivo conditions provided by the aggrecan core protein and other ECM molecules in three dimensions. A closer mimicking of in vivo cartilage molecular interactions was achieved by chemically endgrafting aggrecan macromolecules onto both a planar gold substrate and a microsized spherical tip (R ∼ 2.5 μm) at a physiologically realistic packing density (Figure 6c) (110, 112) . Microcontact printing (121) was employed to fabricate a micropatterned sample of aggrecan and a neutral self-assembled monolayer with well-defined boundaries (110) . This self-assembled monolayer, with negligible height compared with that of aggrecan, functioned as a reference plane, and hence the compressive interactions between two opposing aggrecan layers consisting of ∼10 3 aggrecan molecules could be quantified via AFM (Figure 6c) (110, 112) . Similar to the GAG-GAG interactions, due to the presence of electrostatic repulsion, marked IS dependency and highly nonlinear compressive resistance were observed for the aggrecan system (Figure 6c) . The measured GAG-GAG interactions at physiologically relevant IS (0.1 M) were compared with the predictions by the Poisson-Boltzmann-based theoretical models (Figure 6d) . The homogeneous macroscopic volume charge model (
charge density within the cylindrical rods (GAGs)] (Equation 10) (113) accounted for the molecularlevel spatial heterogeneity at fixed charge density and intermolecular electrostatic potential and hence resulted in much better agreement with experimental data than did the volume charge model (Figure 6d) . Using a coarse-grained molecular model, Bathe et al. (72, 73) predicted the IS and pH dependency of CS-GAG conformations and the resulting osmotic pressure in aqueous solutions on the basis of the free-energy contribution from bonded and nonbonded (electrostatic, steric) energy as well as the translational entropy. This simulation also yielded results similar to those of nanomechanical experiments (112); both studies suggested that molecularlevel electrostatic repulsion contributes significantly to the compressive stiffness of aggrecan. In a separate study modeling the interactions between two aggrecan molecules, Nap & Szleifer (74) drew similar conclusions on the effect of pH and IS by using a more detailed molecular model that further included the GAGs' conformational entropy. This model also suggested a low degree of interdigitation between two aggrecan molecules under physiologically relevant conditions, which may explain the lubrication properties of the polyelectrolyte layers in cartilage (74) .
Shear properties were assessed using a model system of two opposing end-grafted aggrecan layers in aqueous solutions via LFM (123, 145) . The measured lateral force depended linearly on the applied normal force (Figure 7a) . The slope of the lateral versus normal force was denoted as the lateral linearity ratio μ. The increase in μ with increasing IS (0.001-1.0 M) was due to the larger aggrecan compressive strain that resulted from decreased electrostatic interactions for the same normal force. At the same aggrecan compressive strain, the lateral force was higher at lower IS, given the presence of stronger electrostatic repulsion. A significant rate dependence of μ (Figure 7b) suggested the presence of viscoelasticity and fluid flow-related poroelasticity, and this rate dependence was also more pronounced at higher IS, as the nonelectrostatic components became more important. The addition of divalent Ca 2+ ions-which may be physiologically relevant (18)-led to a decrease in the shear and compressive resistance of the aggrecan layer. This is due to the fact that the divalent Ca 2+ ions preferentially distribute closer to GAGs than do monovalent ions (146) , and divalent Ca 2+ ions can also form ion bridges (147) between the GAG chains to decrease the net repulsion (148, 149) .
Despite negligible adhesion measured upon detaching of the two opposing aggrecan layers immediately after compression (112), self-adhesion was observed after a sufficient dwell (equilibration hold) time following compressive loads ∼50 nN at 0.001-0.1 M IS (Figure 7c) . This aggrecan self-adhesion is expected to result from a fairly complex balance between a host of possible attractive and repulsive (mostly electrostatic) interactions, similar to most biomacromolecular systems. Physical entanglements, hydrogen bonding, hydrophobicity, and van der Waals interactions are expected to contribute to the measured self-adhesion. Aggrecan self-adhesion increased with increasing surface equilibration time and IS (i.e., a decrease in intermolecular repulsion) (Figure 7d) . In addition, the presence of Ca 2+ at in vivo concentrations of ∼2-4 mM (18) may result in the ion-bridging effects associated with multivalent ions (147) and may significantly enhance aggrecan self-adhesion. This observed self-adhesion, as measured in physiological-like conditions, is expected to be present in vivo and may be an important factor contributing to the self-assembled architecture and integrity of cartilage PCM and ECM in tissue (145) .
In addition to studies of aggrecan harvested from native cartilage tissue, Lee et al. (150) investigated the molecular-level structural and mechanical properties of aggrecan synthesized by cells in tissue-engineered constructs. Through the use of a combination of microcontact printing (121) and HRFS (79) techniques, nanostructures and compressive nanomechanical properties of aggrecan macromolecules extracted from native adult equine articular cartilage were compared with those of aggrecan made by adult equine bone marrow stromal cells (BMSCs) after these cells were stimulated to become cartilage like (chondrogenic) in a self-assembling peptide hydrogel scaffold after 21 days of culture. These two populations of aggrecan exhibited marked differences. The BMSC-aggrecan population had a larger proportion of full-length aggrecan than the native cartilage-aggrecan population, whereas the core protein length (∼400 nm) was similar for the full-length molecules between the populations (Figure 8a) . In addition, the GAG chains of BMSC aggrecan were more than two times longer than those of adult cartilage aggrecan, which shorten with age (151, 152) . These distinct structural features may reflect differences in the cell type and cell development; the BMSC aggrecan has a more favorable GAG structure for cartilage mechanical function. Consistent with these structural features, BMSC aggrecan was markedly stiffer in nanomechanical compression than cartilage aggrecan (Figure 8b ), even at comparable GAG charge density (Figure 8c ). Due to its larger average core protein length and longer GAG chains, the end-grafted BMSC-aggrecan layer also exhibited both greater layer height and larger compressive stiffness (Figure 8b) . Thus, GAG molecular structure and dimensions and GAG-GAG electrostatic interactions play an important role in overall aggrecan stiffness (Figure 8c) . The more favorable nanostructure and greater stiffness of BMSC aggrecan suggest that this is a promising candidate for cell-based tissue engineering for cartilage repair and regeneration. The combined methodologies utilized here can be applied to optimize the cell source and culture for engineering desired ECM assemblies.
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Hyaluronan
Using SFA, Tadmor et al. (53) assessed the shear forces of free HA in solution and found that the molecules did not adsorb strongly onto mica surfaces and were easily extruded when the separation distance was less than 0.4 μm. Free HA in synovial fluid is therefore not expected to be a good boundary lubricant, although it may improve hydrodynamic modes of lubrication by contributing to viscosity (53) . Results using LFM were consistent with these observations: The presence of free HA in the solution did not reduce the friction coefficient between a spherical probe tip (R ∼ 5 μm) and a planar substrate functionalized with either hydrophilic (hydroxyl) or hydrophobic (methyl) groups (120). Tadmor et al. (124) and Benz et al. (125) tested lubrication by HA molecules adsorbed onto mica surfaces in different forms. In the first approach, HA was physically adsorbed onto mica via ion bridging of Ca 2+ or by a double layer of octadecyltrimethyl-ammonium bromide and dioctadecyldimethyl-ammonium bromide (124) . In the second report, HA was biologically bound to mica by attachment of biotinylated HA to a streptavidin-covered supported lipid bilayer. The latter was proposed as a closer model of articular cartilage (125) . In a third report focusing on a lipid bilayer with an inner layer of dipalmitoyl-phosphatidylethanolamine and an outer layer of 95% dilauroyl-phosphatidylethanolamine and 5% caproylamine-phosphatidylethanolamine, both linear and cross-linked HA were covalently bound to caproylamine-phosphatidylethanolamine in the presence of a catalyst (Figure 9 ) (125) . The friction coefficients measured for these systems, ranging from 0.15 to 0.4 (124, 125) , were much higher than the known friction coefficients of cartilage surfaces (21) . Therefore, HA alone is not expected to be responsible for the low friction coefficient of cartilage. However, HA may contribute to cartilage load bearing and wear protection in the form of a surface-grafted network of molecules in the most superficial lamina splendens, given that cross-linked HA can sustain ∼200 atm pressure before surface damage. HA may be essential for good biolubricity, in conjunction with other biomolecules (125).
Lubricin
The boundary lubrication behavior of lubricin was tested using SFA with adsorbed lubricin layers on negatively charged (mica), hydrophobic (alkanethiol), and positively charged (aminothiol) surfaces (126) . On the basis of the chemical components of the two ends of lubricin and the measured normal force profile, the proposed configurations of lubricin molecules on different surfaces are shown in Figure 10a (126) . Relatively low friction was observed at forces >0.4 mN on negatively charged surfaces with free lubricin present in solution. This may be due to hydration layers surrounding the charged polymers, given low brush-brush interpenetration or entanglements upon the formation of a sharp brush-brush interface (126, 153) . At higher normal force, frictional forces increased when the pressure was above a critical value to induce interpenetration and wear of the brush layers. This lubrication effect was suggested to be related to the negatively charged mucin domain loops and tails because an increase in friction coefficient was observed after digestion (127, 154, 155) or enzymatic cleavage of the end domains (127, 156) . This lubrication behavior was absent when lubricin was present in other configurations, e.g., lubricin adsorbed onto hydrophobic or positively charged surfaces (Figure 10b ) (126) and enzymatic degraded lubricin (127) . Free lubricin in the solution also contributed to the measured lubricity, as suggested by an increase in friction after rinsing (Figure 10b ). This observation was consistent with the LFM study (120) , in which the presence of lubricin in solution effectively reduced the friction force between two hydrophobic methyl-functionalized surfaces (Figure 10c) . The reduction in friction observed with HA and lubricin agreed well with the proposed mechanisms by Klein and coworkers on amphiphilic phospholipids (157) and synthetic, negatively charged polyelectrolytes (153) . These mechanisms include the dynamic replacement of water molecules within the hydration sheaths surrounding the charged groups and the resistance to interpenetration for compressed polymer brushes, both of which may occur during cartilage joint lubrication.
MECHANICAL PROPERTIES OF SINGLE MOLECULES
Several studies have investigated the properties of single ECM macromolecules via SMFS. Haverkamp et al. (114) tested the extensibility of single CS-GAG and HA molecules, together with other connective tissue glycans, in 1% stock aqueous solutions. They compared the results with the extensible worm-like chain model (Figure 11a ) (116) . The absence of force-induced conformational transition was observed for both CS-GAG and HA, consistent with their solely equatorial glycosidic bond structure (159) . The nanomechanics of the force-induced conformational transitions of pyranose rings may play a role in controlling macroscopic properties of tissues like cartilage. This observation raises the hypothesis that GAG chains may hold ECM collagen fibrils together elastically at strains of up to 10% (160). Using SMFS, Harder et al. (115) investigated self-adhesion between a single aggrecan-aggrecan pair in aqueous solution. The observed nonlinear sawtooth pattern, with persistence length L p = 0.31 ± 0.04 nm, was attributed to the sequential dissociation of individual glycan bonds between the pair of aggrecan molecules (Figure 11b) (115) . The presence of Ca 2+ provided specific mediation of self-adhesion at the single-molecule level beyond the ion-bridging effect. The mean lifetime (7.9 ± 4.9 s) and bond length (0.31 ± 0.08 nm) of single-glycan interaction were then estimated by fitting the dissociation rate dependency of self-adhesion to the Bell-Evans model (161) . Different from the self-adhesion study on densely packed aggrecan layers that focused on physiologically relevant interactions (145) , this study probed single-molecule interactions. The estimated parameters were thought to provide a linkage between the single-molecular to macroscopic tissue properties, such as the intrinsic viscoelasticity. Optical tweezers have been applied to directly measure the extensibility of single HA (129) and type II collagen (130) (Figure 11c ) molecules at higher force resolution. For single HA molecules, the force-displacement relationship was similar to that observed via SMFS, and an average persistence length of L p ∼ 4.4-4.5 nm over contour length L c ∼ 2.6 μm was calculated on the basis of extensible worm-like chain models. This high flexibility of HA was consistent with its cartilage tissue function as the backbone of aggrecan aggregates to absorb compressive loads, whereas tensile loads are carried mainly by the collagen fibrils. Interestingly, single procollagen II (a precursor to the type II collagen molecule within fibrils; Figure 11c ) was measured to be very flexible as well, with L p ∼ 7.6 nm over L c ∼ 300 nm. Such flexibility may be important for the secretion of procollagen molecules into the ECM for collagen fibril self-assembly and interaction with other molecules, as well as for cell attachment (130) . In comparison, aggrecan monomers (L p ∼ 80-110 nm) and their CS-GAG branches (L p ∼ 14-21 nm) showed much higher stiffness, as assessed by their conformation using tapping-mode AFM (40) , consistent with their tissue function as the major determinants of cartilage swelling pressure and compressive stiffness.
CONCLUSIONS AND FUTURE OUTLOOK
Historically, cartilage research has involved macroscopic mechanical testing and biochemical assays that provide homogenized and averaged information from large populations of molecules and cells. However, the detailed and spatially heterogeneous hierarchical structure, composition, and properties of cartilage are critical to its biomechanical and biophysical function and dysfunction. The field of nanomechanics has opened the door to a new understanding of the underlying mechanistic origins of tissue-level behavior and will be important to the development and improvement of molecular-based therapeutics for joint disease and tissue engineering for cartilage defect repair. This review summarizes significant progress in the following areas:
Spatial heterogeneity. Micrometer-and nanometer-scale spatial heterogeneity (e.g. PCM, territorial, interterritorial matrices, depth-dependent zones) of biomechanical and biophysical properties has been detected and quantified. Further investigations are needed to understand the role of spatial heterogeneity in the nanoscale function and dysfunction of cartilage. Such high-resolution localized experiments may have potential for early diagnostics. Small tissue volumes. The biomechanical and biophysical effects of aging, disease, and gene mutations/deletions can now be quantified in small and irregular volumes of tissue, thereby enabling the direct quantification of biomechanical properties on important mouse models subjected to gene deletion of specific cartilage matrix molecules, such as fibromodulin and chondroadherin. Molecular origins of macroscopic mechanical behavior. The nonlinear repulsive electrostatic and nonelectrostatic interactions between GAGs and aggrecan are critical factors in determining cartilage tissue-level nonlinear strain-hardening (self-stiffening) compressive and shear behavior. Aggrecan self-adhesion has been detected and quantified and likely contributes to the structural integrity of the tissue. Quality of tissue-engineered cartilage. Ultrastructure and nanomechanical properties of tissueengineered cartilage associated with individual cells can be quantified at the nanoscale and provide an invaluable high-resolution assessment for optimizing design principles for cartilage tissue engineering and repair.
There are a number of future opportunities for the application of nanomechanics to cartilage and other biological tissues. (a) New advances in multiscale modeling connecting atomistics to the molecular level to the mesoscale to the microscale to the macroscale will eventually close the knowledge gap on how each structural level contributes to the homogenized macroscopic response and what role they play independently in the function and degradation of the tissue via a variety of coarse-graining methods, such as single-bead models, elastic-like models, and the GO model (171) . (b) A combination of HRFS, fluorescence microscopy, and biochemical readouts may enable a new field of single-cell mechanobiology. With the recent advances in detecting gene expression of single cells using subnanoliter wells (172) and discovering monoclonal biomolecular antibody using microengraving (173) , these methods can be utilized to quantify the biochemical response of single cells as they are subjected to different loading and strain conditions. (c) A third emerging area involves probing nanomechanical and physical processes in situ using transmission and scanning electron microscopy, wherein both material properties and specimen structure can be monitored simultaneously during loading (174, 175) . Unfortunately, this technique is not applicable to cartilage yet because cartilage mechanical testing needs to be conducted in aqueous solutions for physiological relevance, whereas electron microscopy requires vacuum conditions. However, recent developments in cryo-stage focused ion beam techniques (176) may be suitable candidates for the in situ nanoscale/microscale mechanical measurements of biological systems such as cartilage.
